Tubulin and heat shock protein 27 (Hsp27) are well-characterized molecular targets for anti-cancer drug development. We previously identified lead compounds that inhibited both Hsp27 and tubulin. These compounds exhibited extensive anti-cancer activities against the proliferation of various human cancer cell lines. In the current study, a systematic ligand based structural optimization led to new analogs that significantly inhibited the growth of a panel of breast cancer cell lines. Furthermore, the most potent compounds were examined with tubulin polymerization assay and Hsp27 chaperone activity assay. The compounds showed potent tubulin polymerization inhibition but no Hsp27 inhibitory effect. The structural optimization dissected the dual activity and improved the selectivity of the compounds for tubulin. The results revealed several structural moieties of the lead compounds that are critical for Hsp27 inhibition. The modification of these structural fragments eliminated Hsp27 inhibition, but did not harm tubulin-targeting effects of the compounds. This result further defined the structure-activity relationship between the tubulin and Hsp27 effects of these compounds.
Introduction
Stress factors including chemotherapies can enhance the expression of heat shock proteins (Hsp) in mammalian cells [1] [2] [3] . Hsp27, a small Hsp with a molecular weight of 27 kDa, promotes the survival of mammalian cells exposed to anti-cancer agents [4] . The results of several investigations demonstrate that Hsp27 overexpression leads to the resistance of anticancer drugs [3, 5] . The cellular protective effects of Hsp27 rely on its molecular chaperone functions against apoptotic signals to eliminate anti-cancer agents induced programmed cell death [6] [7] [8] . Up-regulation of Hsp27 leads to an over-active chaperone activity, which contributes to the cancer cell survival under chemotherapeutic agents [1, 2] . Increased expression of Hsp27 has been detected in a number of cancers such as breast cancer, endometrial cancer and leukemia [1, 2, [9] [10] [11] [12] [13] , which supports the hypothesis that Hsp27 is a good target of novel cancer therapy. Hsp27 inhibitors can decrease the protective function of the protein in cell apoptotic regulation, and enhance the anti-cancer efficacy of chemotherapy [5, 14, 15] . In fact, several agents diminishing Hsp27 functions exhibited promising anti-tumor activity, and also enhanced the potency of other anti-cancer agents in preclinical models of a variety of tumors expressing high levels of Hsp27 [9, 14, 15] .
Tubulin-containing structures are important for many cellular functions, including chromosome segregation during cell division, intracellular transport, development and maintenance of cell shape, cell motility, and distribution of molecules on cell membrane [16] . Tubulin inhibitors are classical chemotherapeutic agents for cancer treatment. It has been well documented that tubulin inhibitors cause cell cycle arrest and induce apoptosis [17] [18] [19] [20] . Several preclinical studies demonstrated that Hsp27 inhibition could potentiate the apoptosis-inducing activity of tubulin inhibitors [21] . Compounds targeting both Hsp27 and tubulin can fuse the two anti-cancer effects into one agent, and create a synergistic activity by itself. These dual tubulin and Hsp27 inhibitors will generate "one stone two birds" effect, and may represent a class of new anti-cancer agents.
Previously we developed tubulin inhibitor, Hsp27 inhibitor and dual Hsp27 and tubulin inhibitors that exhibited potent anti-cancer activity [22] . In addition, the combination of pure tubulin inhibitor with Hsp27 inhibitor showed a synergistic effect to inhibit cancer cell proliferation [22] , suggesting that the compounds with dual molecular targets have advantages over agents with single molecular target. It is desirable to further optimize the dual targeting compounds to generate new analogs with better potency to inhibit both Hsp27 and tubulin, which will lead to more potent anti-cancer agents. In the current study, systematic ligand based optimization resulted in compounds that significantly inhibited breast cancer cell proliferation. Unexpectedly, the Hsp27 inhibitory activity of the compounds was diminished during the lead optimization. The new derivatives became pure tubulin inhibitors. The results revealed several key structural elements critical for Hsp27 inhibition, which provides important structural characteristics for future optimization to improve Hsp27 inhibition.
Results and discussions

Lead optimization and summarization of the structure-activity relationship (SAR)
Previously, we have shown that structural modification of the lead compound 1 (Figure 1 ) by substitution of 2,5-dimethylbenzyl moiety with 2,5-dimethoxybenzyl group dramatically increased the inhibition of cell proliferative activity. Several new derivatives inhibited the proliferation of various cancer cell lines with IC 50 values at subnanomolar level [22] . Additionally, replacing methyl sulfonamide group in these compounds with trifluoromethyl sulfonamide group significantly impaired their anti-cancer activity, suggesting that the trifluoromethyl sulfonamide group is not well tolerated. Since no other alternatives to methyl sulfonamide group were investigated in the previous study, we wonder if a bulkier or more hydrophobic group, such as propyl, phenyl, or benzyl at this position, could be tolerated. Therefore, in this study we kept the B moiety as 2,5-dimethoxybenzyl group, and systematically changed the C moiety to several different sulfonamide groups including ethyl-, propyl-, phenyl-, and benzyl sulfonamide. The acetamide group, which is smaller than the methyl sulfonamide group and shows different electronic distribution, was also evaluated. Previous studies revealed that the N-methyl group at the D position is important for the anti-proliferative activity of methyl sulfonamides. Removal of N-methyl group significantly decreased their cell growth inhibitory potency [22] . In this study, we further confirmed this structure-activity relationship on this moiety with this series of compounds. Some analogs were designed as free -NH moiety and some were designed as -Methyl NH moiety. For all the new derivatives, moiety A was remained as 4-methoxyphenyl, 3,4dimethoxyphenyl, 4-bromophenyl, and 4-iodophenyl group. The previous evaluation of 39 different aryl groups at the A position revealed that these four substituted aryl groups were superior to other ones [22] .
All these new compounds were synthesized according to the previous method (Scheme 1) [22] . They were examined for potency and selectivity on the growth inhibition of four different breast cancer cells lines including SKBR-3, MCF-7, MDA-MB-231, and MDA-MB-468. SKBR-3 cell is human epidermal growth factor receptor 2 (HER2) positive and estrogen receptor (ER) negative, while MCF-7 cell is HER2 negative and ER positive. Both MDA-MB-231 and MDA-MB-468 cells are HER2 and ER negative. The results are summarized in Table 1 . The IC 50 s of cell growth inhibition of the compounds ranges from 0.001 μM to 2.44 μM for SKBR-3 cells, 0.001 μM to 186.0 μM for MCF-7cells, 0.1 μM to 48.1 μM for MDA-MB-231cells, and 0.008 μM to 1.010 μM for MDA-MB-468 cells. Most compounds exhibited more potent growth inhibition to SKBR-3 and MDA-MB-468 cells than MCF-7 and MDA-MB-231cells. For SKBR-3 cells, SAR analysis indicated that the sulfonamide group at the C moiety of these compounds is critical for the biological activity. The previously synthesized compounds N-methylmethanesulfonamide 2 -5 showed potent anti-proliferative activity for SKBR-3 cells with IC 50 values about 0.001-0.004 μM [22] . However N-methylethanesulfonamides (6, 14, 16) , N-methyl-propylsulfoylamides (7, 11, 15, 17) , N-methyl-benzylsulfoylamide (8) , and N-methyl-phenylsulfonamides (9, 13) showed decreased activity compared to the corresponding N-methylmethanesulfonamide (2) (3) (4) (5) . Only N-methylethanesulfonamide 10 and N-methylbenzylsulfonamide 12 maintained the potent SKBR-3 cell growth inhibition activity with IC 50 s of 0.001 μM and 0.003 μM respectively. The general order of potency of various N-methyl alkyl/aryl sulfonamides for inhibition of SKBR-3 cell growth is methanesulfonamides > ethanesulfonamides > = propylsulfonamides > benzylsulfoylamides > phenylsulfonamides. The anti-proliferative activity of the compounds against SKBR-3 cells seems to be inversely proportional to the size of alkyl/aryl sulfonamide at the C moiety. Previous study showed that removal of the Nmethyl group in N-methylmethanesulfonamides significantly impairs their biological activity [22] . Similar phenomenon was observed for most N-methyl alkyl/aryl sulfonamides evaluated in the current study. Removal of N-methyl group in N-methylethanesulfonamides (10, 14, 16) , N-methyl-propylsulfonamides (7, 11, 15, 17) , N-methyl-benzylsulfonamide (8, 12) , and N-methyl-phenylsulfonamides (9, 13), generated the corresponding ethanesulfonamides (22, 26, 28), propylsulfonamides (19, 23, 27, 29), benzylsulfonamide (20, 24), and phenylsulfonamides (21, 25) with 2-43 fold loss in potency. The results confirmed that the free -NH moiety of these compounds decrease the anti-cancer activity. Free-NH can act as a hydrogen bond donor or acceptor, whereas methyl-NR can only act as hydrogen bond acceptor. The hydrogen bond formation on this moiety may be critical for the biological activity of the corresponding compounds. A sole hydrogen bond acceptor on this moiety benefits the anti-cancer activity based on the cell proliferation assay results. Ethanesulfonamide 18 is exceptionally as potent as N-methyl ethanesulfonamide 6. Four acetamide derivatives 30-33 exhibited anti-proliferative activity with IC 50 s in the range of 0.110 μM and 2.44 μM. All of them are much less potent than corresponding N-methylalkyl/arylsulfonamides (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and alkyl/arylsulfonamides (18-23, 26-29) with the exception of acetamide 33. This compound is as potent as the corresponding benzylsulfonamide 24 and 3-fold more potent than phenylsulfonamide 25. The results suggest that sulfonamide group is preferred over acetamide group for the anti-cancer activity.
A similar trend was observed in the SAR studies for MDA-MB-468, MDA-MB-231, and MCF-7 cells. For the inhibition of MDA-MB-468 cell growth, the most potent compounds were N-methyl-benzylsulfonamide 8 and N-methyl-propylsulfonamide 11 with same IC 50 s of 0.008 μM. Two potent compounds for growth inhibition of MCF-7 cells were Nmethylethanesulfonamide 10 and propylsulfonamide 23 with IC 50 of 0.015 μM and 0.050 μM. Unexpectedly, N-methylethanesulfonamide 6 inhibited MCF-7 cell growth with an IC 50 of 0.001μM, which is superior to all other compounds. The result suggested that the compound may interfere with some unknown cell growth pathways to block cell proliferation besides the identified tubulin and Hsp27 pathways. Most of the other compounds showed activity at submicromolar levels for MCF-7 cells, and are even much less potent for inhibition of MDA-MB-231 cell growth.
Inhibition of tubulin polymerization
Previous studies revealed that 2, 5-dimethoxybenzyl group can enhance the tubulin polymerization inhibitory potency of the compounds, thereby substantially improve their anti-proliferative activity. In the current study, this critical group was remained and various alkyl/arylsulfonamides were synthesized and evaluated by substitution of other moieties. Among these new analogs, N-methylethanesulfonamide 10 and N-methylbenzylsulfonamide 12 displayed potent cytotoxicity against SKBR-3 cells with IC 50 s of 0.001 μM and 0.003 μM, respectively. This potency is comparable to that of the corresponding N-methylmethanesulfonamide 5. However, the two compounds have different sulfonamide moieties. Therefore, it is necessary to elucidate whether the compounds act through similar anti-cancer mechanisms compared to the lead compounds. First, their tubulin inhibitory activity was determined with tubulin polymerization assay. Both compounds 10 and 12 showed dose-dependent inhibition of tubulin polymerization ( Figure 2 ). In 15 min, compound 10 inhibited tubulin polymerization by 9% at 0.1μM and 59% at 1μM. Compound 12 displayed a similar tubulin polymerization inhibitory activity by 5% at 0.1 μM and 56% at 1μM. These inhibitory activities of compounds 10 and 12 are comparable to that of Nmethylmethanesulfonamide 5 from the previous study [22] .
Tubulin docking studies
In the previous study, lead compound 1 was found to be a colchicine site binder on tubulin [23] . We anticipate the new derivatives 10 and 12 should also target the colchicinebinding site in tubulin, due to their structural similarity to compound 1. To further elucidate the interaction between tubulin and compounds 10 and 12, we performed a docking study of these two compounds into the colchicine-binding site in tubulin. The results are shown in Figure 4 . Compound 10 may form three major interactions with tubulin. First, 2-methoxyl group in 2,5-dimethoxy benzyl moiety may form a hydrogen bond with the side chain of Ser 178. There may be some polar contact between the sulfonamide group and side chains such as Glu 183 and Asn 101. Additionally, the carbonyl group of benzoyl amide moiety may form a hydrogen bond with the main chain of Ala 250. The docking investigation showed that compound 10 has strong binding affinity to the colchicine-binding site of tubulin. Compared to compound 10, compound 12 showed a different binding mode in the colchicine-binding site with sulfonamide moiety and benzoyl amide moiety switched. The benzyl group in the sulfonamide moiety can extend into a small hydrophobic pocket defined by Tyr 202, Ile 378, Leu 242, and Leu 255. A hydrogen bond may be formed between the carbonyl group of benzoyl amide moiety and the side chain of Asn 258. The 2,5dimethoxybenzyl moiety in compound 12 slightly shifted away from the side chain of Ser 178, and the possible hydrogen bond between them was forfeited. However, a hydrophobic interaction may form between 2,5-dimethoxybenzyl moiety and Lys 352. The estimated free energies for compound 10 and 12 for binding at the colchicine site were determined to be −7.57 and −7.86 kcal/mol, respectively. Their similar binding energy in the colchicinebinding site may account for their similar inhibition to tubulin polymerization.
Hsp27 targeting effect investigation
Previously, lead compound 5 inhibited both Hsp27 and tubulin [22] . The newly synthesized derivatives 10 and 12 inhibited tubulin and showed potent anti-proliferative activity. Whether they also target Hsp27 is still unknown. In order to further elucidate their anticancer mechanism, the capabilities of both compounds to modulate the in vitro chaperone function of Hsp27 were evaluated. By monitoring dithiothreitol (DTT)-induced insulin aggregation in the presence of Hsp27, with or without the compounds, their Hsp27 inhibition can be examined. In this in vitro chaperone activity assays, Hsp27 exhibited potent inhibition of DTT-induced insulin aggregation. Previous study showed that the corresponding N-methylmethanesulfonamide 5 at 10 μM inhibited Hsp27 functions by 27 % [22] . However, both compounds 10 and 12 did not show inhibitory activity against Hsp27 chaperone activity at 10 μM, suggesting Hsp27 targeting effect decreased in the new compounds. Substitution of the methanesulfonamide at the C moiety of compound 5 with ethanesulfonamide or benzylsulfonamide is detrimental for its Hsp27 targeting effect. However, this modification did not affect tubulin targeting effects. The results suggest that smaller sulfonamide moiety is preferred for Hsp27 inhibition.
Conclusion
We synthesized various sulfonamide derivatives and acetamide derivatives based on the previously reported compounds 2-5 [22] . The 2,5-dimethoxybenzyl group, which had been demonstrated to be important for the anti-proliferative activity of these compounds, was maintained for all the new compounds. The methanesulfonamide group at the C moiety was changed to an acetamide group or a diversity of alkyl/aryl sulfonamide groups. The SAR study revealed that most ethyl-, propyl-, phenyl-, benzyl-sulfonamides showed weaker cell growth inhibition, compared to the corresponding methanesulfonamides. Only Nmethylethanesulfonamide 10 and N-methylbenzylsulfonamide 12 maintained similar potency. Further mechanism investigation indicated that compounds 10 and 12 are potent inhibitors of tubulin polymerization. Their tubulin inhibitory activities are comparable to the corresponding lead compound N-methylmethanesulfonamide 5. However, both compounds did not show Hsp27 inhibition. The substitution of methanesulfonamide with ethanesulfonamide or benzylsulfonamide significantly impaired the Hsp27 inhibitory effects. The molecular docking simulation suggested that compounds 10 and 12 may adopt different binding modes to be accommodated in the colchicine binding site of tubulin. Future study will focus on discerning the structural fragments that are important for Hsp27 inhibition, and develop new anti-cancer agents with better potency to target both tubulin and Hsp27.
Experimental section 4.1. Chemistry
Chemicals were commercially available and used as received without further purification. Moisture sensitive reactions were carried out under a dry argon atmosphere in flame-dried glassware. Thin-layer chromatography was performed on silica gel TLC plates with fluorescence indicator 254 nm (Fluka). Flash column chromatography was performed using silica gel 60Å (BDH, 40-63 μM). Mass spectra were obtained on the ABI QStar Electrospray mass spectrometer at Cleveland State University MS facility Center. All the NMR spectra were recorded on a Bruker 400 MHz ( 13 C NMR at 100 MHz) using DMSO-d 6 as solvent. Chemical shifts (δ) for 1 H NMR spectra were reported in parts per million to residual solvent protons. The IR spectra were obtained on a Bruker ALPHA FT-IR spectrometer with ATR module.
All the compounds were prepared according to the previously published procedures [22] . N-[3-(2,5-dimethoxy-benzyloxy)-4-(ethanesulfonyl-methyl-amino)-phenyl]-4methoxybenzamide (6) dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide in fresh media, and cells were incubated in the CO 2 incubator at 37°C for 2 h. Supernatants were removed from the wells, and the reduced 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide dye was solubilized in 200 μL/well DMSO. Absorbance at 570 nm was determined on a plate reader. Statistical and graphical information was determined using GraphPad Prism software (GraphPad Software Incorporated) and Microsoft Excel (Microsoft Corporation). IC 50 values were determined using nonlinear regression analysis.
4.2.3.
Tubulin polymerization assay-100 μL microtubule-associated protein-rich tubulin (2 mg/mL, bovine brain, Cytoskeleton) in buffer containing 80 mM PIPES (pH 6.9), 2 mM MgCl 2 , 0.5 mM EGTA, and 5% glycerol was mixed with DMSO (as control) or various concentrations of 10 and 12 in DMSO and incubated at 37 °C. 1 μL of 100 mM GTP was added to the mixture to initiate the tubulin polymerization. The absorbance was monitored at 340 nm over 20 min using a Varian Cary 50 series spectrophotometer.
Hsp27 chaperone activity assay-
A mixture of 0.24 mg/ml human recombinant insulin (Life Technologies), 0.02 mg/ml Hsp27 (Cell Sciences), and compounds 10 and 12 in 98 μl sodium phosphate buffer, pH 7.4, was incubated at 37 °C for 5min, whereupon 2 μL of 1 M DTT in the same assay buffer was added to initiate the insulin aggregation. The absorbance was monitored at 400 nm over 30 min using a Varian Cary 50 series spectrophotometer. A mixture of 0.24 mg/ml insulin in the absence or presence of 0.02mg/ml Hsp27 with DMSO was used as control.
Molecular docking simulation
Molecular docking of compounds 10 and 12 into the crystal structure of tubulin was performed using software AUTODOCK 4. The X-ray crystal structures of tubulin with PDB code 1SA0 from Protein Data Bank was used for docking simulation of compounds into the colchicine binding site. To prepare tubulin for autodock, all hydrogens were added and the ligand with identifier CN2700 in 1SA0 was deleted. Compound 10 and 12 were drawn and energy minimized with MM2 force field using Chem3D Ultra 10.0 (Cambridge Soft Corp., US). Autogrid was used to pre-calculate the grid maps of the binding energy between tubulin and compounds. A grid box size of 44 ×46 ×42 points in x, y and z directions was built and the grid center was located in x=116.909, y= 89.688, z=7.094. For running autodock, Lamarckian genetic algorithm was chosen as the search method. Genetic algorithm parameters were set as default. The top docked conformation for each compound was retained for analysis.
➢
Systematic ligand based structural optimization of dual tubulin and Hsp27 inhibitor led to new analogs.
The inhibition on the proliferation of four panels of breast cancer cells of the derivatives was determined.
The lead optimization dissected the dual activity and improved the selectivity of the compounds for tubulin.
➢ Several structural moieties of the lead compounds were revealed to be critical for Hsp27inhibition. The kinetic of the DTT reduction-induced insulin aggregation was monitored in the absence of Hsp27 or in the presence of Hsp27, with or without compounds. 
SAR of alternate A and B moiety methanesulfonamide
